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Abstract
Carbon deposition on extreme ultraviolet (EUV) optics was observed due to photon-induced
dissociation of hydrocarbons in a EUV lithography environment. The reflectance loss of the
multilayer mirror is determined by the carbon layer thickness and density. To study the
influence of various forms of carbon, EUV-induced carbon, hot filament and e-beam
evaporated carbon were deposited on EUV multilayer mirrors. Spectroscopic ellipsometry was
used to determine the carbon layer thickness and the optical constants ranging from ultraviolet
to near infrared. The carbon density (and thus reflectance loss) was determined from the
optical constants using both Bruggeman’s effective medium approximation and the
Clausius–Mosotti equation. Both approaches result in a similar EUV reflectance loss, with an
accuracy of about 4%. The application of this process to ultrathin carbon films is further
discussed.

Keywords: carbon deposition, EUV reflectance loss, ellipsometry

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Extreme ultraviolet lithography (EUVL) is a next-generation
lithographic technique that uses 13.5 nm or extreme UV
radiation. The reflectance of each lithography optical element
at this EUV wavelength is one of the most important
parameters that influence the throughput of the lithographic
equipment. Carbon contamination is one of the main surface
contamination processes that reduces the reflectance of the
Mo/Si multilayer mirrors (MLMs) used [1]. One of the
challenges in developing EUVL is the development of effective
and rapid cleaning techniques.

Different types of carbon contamination under photon
radiation, i.e. graphite- or polymer-like, have been observed
[1–3]. The specific type of carbon contamination expected in
the EUVL environment can be influenced by several factors,

including residual background gas, radiation flux, geometry of
illumination and the temperature of the optics. Determining
the type of carbon contamination is important both for the
cleaning procedure and the induced reflectance loss.

Calculations show that a 2 nm thick layer of carbon in
the form of graphite (density 2.25 g cm−3) would reduce the
reflectance of an MLM by 5%. On the other hand, as an
example, as described by Hollenshead and Klebanoff [1], the
projection optics of EUVL equipment should not lose more
than 1.6% reflectance per optic. This means we have to
deal with ultrathin carbon films of less than 2 nm in EUVL
applications.

Due to lack of space, using a reflectometer in the
EUV lithography environment to measure the reflectance loss
directly is very difficult. Therefore, an alternative technique
for monitoring the contamination is required to enable in situ
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reflectance loss estimation. To estimate the reflectance loss
of each multilayer mirror, both the carbon layer thickness and
density are needed. Spectroscopic ellipsometry (SE) is one of
the best candidates for in situ monitoring of carbon deposition
[4]. SE has a detection limit of about 0.1 nm.

The carbon densities are usually determined using
electron energy loss spectroscopy (EELS) [5, 6], a combination
of ellipsometry with nuclear reaction analysis (NRA) [7, 8],
proton-enhanced cross-section scattering (PES) [9], or
Rutherford backscattering (RBS) [10]. All of these techniques
require substantial amounts of space within the vacuum
chamber, making them undesirable for EUVL.

In this paper, we estimate the carbon density from the
optical constants in the wavelength range of ultraviolet (UV)
to near infrared (NIR) using two approaches: Bruggeman’s
effective medium approximation (BEMA) and the Clausius–
Mosotti (CM) equation. We show the applicability of SE by
investigating the reflectance loss of MLMs after the deposition
of different kinds of carbon films. The EUV reflectance
loss was estimated from the carbon density and thickness,
as derived from SE measurements.

These estimates were compared with the measured EUV
reflectance loss. Good agreement was obtained between
the measured and the estimated reflectance loss. This work
establishes SE as an excellent technique for in situ monitoring
carbon contamination of MLMs in EUVL. The applicability
for ultrathin carbon films, in which case the individual
determination of the refractive index and the thickness is very
difficult, will be discussed.

2. Methodology

Briefly, the MLMs investigated consist of 50 bi-layers of Mo
and Si, each about 7 nm thick, deposited on the (001) surface
of a Si wafer. Each MLM has a capping layer terminating the
structure. A complete description of a typical MLM structure
and its properties can be found elsewhere [11].

Three types of carbon layers have been investigated. The
first type, called ‘EUV induced C’, was grown by exposing
the MLM to EUV radiation in the presence of residual
hydrocarbon gases. Four different thicknesses were obtained
by varying the number of pulses of EUV light. The second
type of carbon layer, referred to as the ‘hot filament C’,
was deposited by evaporation from a graphite filament. The
third type of carbon layer was deposited using physical vapor
deposition (PVD) after e-beam evaporation of a graphite target.
This layer is referred to as ‘PVD C’.

The optical characterization of the EUV-induced carbon
and hot filament carbon was done ex situ using variable angle
SE (Woollam, VASE, spectral range 245–1689 nm). The PVD
carbon deposition was monitored with in situ ellipsometry
(Woollam, M2000, incidence angle of 55◦ with respect to the
surface normal). Standard procedures for data analysis and
deducing the thickness and optical constants of the carbon
films were used [12, 13].

To establish the carbon density, a set of carbon films
was deposited on a silicon wafer and analyzed with grazing
incidence x-ray reflectivity (GIXR) [14]. An ex situ

reflectometer, based on λ = 0.154 nm (Cu-Kα), was used.
The critical angle for total external reflection was used to
determine the total electron density, which provides the mass
density. Furthermore, the thickness of the top carbon layer is
determined by fitting the period of the interference pattern.

The EUV reflectance for these carbon-covered MLMs was
measured with a reflectometer at the radiometry laboratory
of the Physikalisch-Technische Bundesanstalt (PTB) at the
BESSY II electron storage ring. The estimated reflectance of
a carbon-covered MLM was calculated using the IMD program
[15].

3. Principle of EUV reflectance loss

The refractive index (and thus the dielectric function) at EUV
wavelength and soft x-rays can be described by the authors of
[16]:

n(λ) = 1 − δ + iβ, (1)

where

δ = nareλ
2

2π
f 0

1 (λ) and β = nareλ
2

2π
f 0

2 (λ),

where na is the atomic density, re is the classical electron
radius and λ is the radiation wavelength. f 0

1 (λ) and f 0
2 (λ) are

the atomic scattering factors as a function of wavelength. The
atomic scattering factors of carbon and hydrogen from [16]
were used in our calculations.

Equation (1) shows that the refractive index for EUV and
soft x-rays of different kinds of carbon films is determined
only by the atomic density. In other words, the carbon atoms
in solids react to the incident EUV radiation as if they are
isolated atoms. The specific carbon bonds present (i.e. sp1,
sp2 and sp3) or the band structure of the different kinds of
carbon films does not affect the absorption process of the
incident radiation. Furthermore, the accuracy of equation (1)
has been verified for polymer films [17].

The refractive indices at the EUV wavelength of 13.5 nm
for diamond (density 3.51 g cm−3), graphite (density
2.25 g cm−3) and polyethylene (density 0.90 g cm−3) were
computed with IMD. The geometry considered was a carbon
layer on top of an MLM at an angle of incidence of 1.5◦ with
respect to the surface normal.

The relative EUV reflectance loss, �R/R, is

�R/R = R − R0

R0
× 100%, (2)

where R0 is the original EUV reflectance of an MLM and R is
the reflectance upon carbon deposition. Figure 1(a) shows
the calculated relative EUV reflectance loss, �R/R, as a
function of carbon layer thickness for the three types of carbon
films. The general trend is that the EUV reflectance decreases
with increasing carbon layer thickness. The influence of the
carbon density on the EUV reflectance loss is strong. For
instance, the relative reflectance loss due to a 2 nm thick
layer of diamond (7.6%) is 3.8 times higher than that of
the same thickness of polyethylene. The oscillations of the
curves are due to the interference between the carbon surface
and the interface between the carbon layer and the MLM.
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Figure 1. Calculated relative EUV reflectance loss from an MLM
(a) as a function of the carbon layer thickness for different carbon
densities corresponding to different types of carbon films. (b) The
reflectance loss normalized by the carbon density.

The oscillation amplitude is determined by the optical contrast
between the carbon layer and the substrate underneath.

Figure 1(b) shows the relative reflectance loss normalized
by the carbon density. The different types of carbon films can
be seen to give nearly the same reflectance loss level per unit
density. This shows that the reflectance attenuation scales with
the density and multiple interferences between the surface and
interface have only a minor effect. Especially, for a carbon
layer less than 4 nm thick, corresponding to a practical case in
EUVL applications, the relative reflectance loss curve can be
simplified to a linear relationship as

�R/R ≈ kρd, (3)

where k is a constant equal to the slope as indicated in
figure 1(b), ρ is the average mass density and d is the carbon
layer thickness. The suitability of the approximation depends
on the substrate. As an example, it fails for a substrate
of bulk Mo and carbon layers in the same thickness range
because the optical contrast leads to much stronger interference
effects. For ultrathin carbon films, equation (3) will be
used to determine the reflectance loss, based on estimates
of ρd from ellipsometer measurements and effective medium
approximation (discussed below).

4. Estimating the carbon density from the optical
constants

To calculate the attenuation of the EUV reflectance upon
carbon contamination on an MLM, the dielectric function of
the carbon layer in the EUV wavelength range is required.
A simple extrapolation of the dielectric function from the
accessible region of ellipsometry is not feasible because of
the substantial amount of absorption between 10 and 20 eV
[6, 18, 19]. However, in our case, it is only necessary to know
the density of carbon to calculate the change in EUV optical
properties.

Estimates of carbon density, based on ellipsometric data,
are complicated by the different bond structures of the different

Table 1. The refractive index and extinction coefficient at 600 nm
and the densities for four different kinds of carbon films.

Carbon type n k Density (g cm−3) Reference

Diamond 2.42 0 3.515 [26, 27]
HOPGa 3.19 1.80 2.266 [27, 28]
50/50-Cb 2.83 0.85 2.891 [26, 27]
Polyethylene 1.48 0 0.92 [29, 5]

a The refractive index of HOPG was measured in our experiments.
b 50/50-C is a defined effective medium with 50% diamond and
50% HOPG.

types of carbon layers. The sp3 bonds in diamond result in a
large band gap between the bonding and antibonding σ bonds,
leading to absorption in the UV range. The introduction
of sp2 bonds, as found in graphite-like carbon, introduces
the bonding and antibonding π bands close to the Fermi
energy. This results in a higher refractive index in the
visible range. However, the carbon density decreases for this
higher refractive material. Table 1 lists refractive indices at a
wavelength of 600 nm, and carbon densities for several carbon
species. These examples show that it is difficult to estimate
the refractive index in the EUV region from refractive index
data in the UV-NIR region.

The refractive index of carbon films, as well as their
densities, has been investigated by several groups [5–10,
20–23]. These carbon films are diamond-like (sp3 bond),
graphite-like (sp2 bond) or polymer-like (H-content). The
refractive indices of these films were all measured by
ellipsometry. The accuracy of the carbon densities reported is
about 10%.

These literature results, as well as our own measurements,
are shown in figures 2(a), (b) and table 1. The value of
the refractive index at a wavelength of 600 nm was chosen
because it is the most common wavelength for ellipsometry or
reflectometry in the literature. The properties of bulk diamond,
highly ordered pyrolytic graphite (HOPG) and polyethylene,
(C2H4)n, are also depicted. From figure 2, it is observed that
all the experimental values lie within the triangle defined by
diamond, HOPG and (C2H4)n. The location of a particular film
within this triangle characterizes it as diamond-like, graphite-
like or polymer-like, as indicated in the figure. Moreover,
a trend relating carbon density to the refractive index is
observed.

Four main methods have been proposed and used to
estimate the carbon density from the optical properties in
the UV-NIR range. In the first method, developed by the
authors of [24], a linear relationship between the square of
the refractive index (n2) and the density (n2(E) − 1 ∝ ρ for
E � Eg , the energy gap) was found for amorphous carbon
which means that the density can be estimated based on the
refractive index. However, this method is only applicable for
carbon films with an extinction coefficient equal to zero for the
photon energy used, or in other words, where E � Eg . For
graphite-like carbon (e.g. our hot filament carbon and PVD
carbon), this is not the case. Therefore, we do not use this
method in this paper. In the second method, used in [25], the
maximum value of the imaginary part of the dielectric function,
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Figure 2. Calculated refractive index (a) and extinction coefficient (b) for a wavelength of 600 nm as a function of carbon density based on
BEMA. The five curves correspond to the compositions of ‘diamond+HOPG’, ‘HOPG+void’, ‘diamond+void’, ‘(C2H4)n+void’ and
‘50/50-C+void’. The experimental data in the references are also plotted with symbols as a comparison (� [7], � [21], � [9], � [6], � [8],
◦ [10], × [20, 23], + [22]). The extinction coefficient k = 0.15 is a defined boundary between diamond-like (or polymer-like) and
graphite-like carbon.

e2max was used as a measure of the film density. However,
e2max only provides qualitative variations of the density and
is not adequately accurate. The other two methods are based
on BEMA and the CM equation. Below, we use these two
methods to estimate the density of carbon films on MLMs.

4.1. Effective medium approximation

The BEMA is broadly applied to estimate the relationship
between the density and the refractive index for a variety
of semiconductor and dielectric materials [30–32, 25]. In
this case, the carbon film is considered to be a porous film,
consisting of voids and carbon. The carbon can be present as
diamond, HOPG or (C2H4)n, reflecting the various carbon
bonding geometries. We also define a synthetic material,
consisting of 50% diamond and 50% HOPG (50/50-C), i.e. a
combination of sp3 and sp2 bonding. The effective dielectric
function, εeff , is calculated from the BEMA equation [13]

0 = fv

εv − εeff

εv + 2εeff
+ fC

εC − εeff

εC + 2εeff
, (4)

where fv and fC denote the volume fraction of void and
carbon (fv + fC = 1) while εv and εC are their respective
dielectric functions. The complex refractive index of the film
equals

√
εeff . The density is fC times the carbon density

corresponding to graphite, diamond or polyethylene.
Figure 2 shows the calculated relationship between

the complex refractive index (i.e. the real part n and the
imaginary part k) and density, based on equation (4).
Five compositions are displayed: ‘diamond+HOPG’,
‘HOPG+void’, ‘diamond+void’, ‘(C2H4)n+void’ and ‘50/50-
C+void’. The slope of the curve ‘HOPG+void’ is much
steeper than that of the curve ‘diamond+void’ for both the
real and imaginary parts of the refractive index. Note that

the results of ‘(C2H4)n+void’ and ‘50/50-C+void’ are very
similar for the real part of the refractive index. However, the
extinction coefficient shows very different behavior, with the
‘(C2H4)n+void’ curve close to the ‘diamond+void’ as both are
transparent at the wavelength of 600 nm.

The experimental refractive index data for carbon films
fall roughly into two categories, diamond-like and graphite-
like, as can be seen in figure 2(a). They tend to cluster around
the ‘50/50-C+void’ that separates the two regions. However,
figure 2(b) shows that the extinction coefficient for most of the
experimental values is close to k = 0 instead of the ‘50/50-
C+void’ curve. This can be explained by the connectivity of
the non-void regions. The absorption of HOPG is dominated
by conductive electrons; thus, it is instructive to examine
the BEMA, as applied to a metal-dielectric composite. The
conductivity of the effective medium is zero if the relative
volume fraction of the metal constituent is less than 1/D, where
D is the dimension [33]. This is the so-called percolation
threshold. For a three-dimensional sample consisting of
spherical grains, the percolation threshold is 1/3, while for
two-dimensional samples it is 1/2. For a carbon film, the
extinction coefficient at 600 nm results from free electron
absorption and absorption due to π electrons in the sp2 bonds.
An example is the extinction coefficient of graphite as shown
in [6]. This means that for carbon films with sp2 bonded
carbon volume less than the percolation threshold (1/3–1/2),
the absorption due to free electrons vanishes. This results
in the decrease of the extinction coefficients as shown in
figure 2(b) as a contrast to figure 2(a).

For carbon films whose refractive index and density
are very close to the curve ‘50/50-C+void’, their extinction
coefficients are close to k = 0.15 at 600 nm. Generally, we
refer to this kind of carbon as amorphous carbon. Based on
this, we define a boundary at k = 0.15 (shown in figure 2(b))

4
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Table 2. Static polarizability of different types of carbon and
hydrocarbons.

Static polarizability
Carbon type (10−24 cm3) Reference

Diamond 0.815 [36]
Graphite 1.61a [35]
Graphite 1.76 [37]
Graphite 1.265 [38]
C2H2 3.33 [37]
C2H4 4.252 [37]
C2H6 4.47 [37]

a Averaged polarizability is used.

to separate diamond-like and polymer-like carbon (k < 0.15)
from graphite-like carbon (k � 0.15).

Figure 2 shows that the BEMA can be used to establish a
relation between the complex refractive index and the carbon
density. It also means that the carbon density can be estimated
from the refractive index and extinction coefficient. The
density was estimated from the BEMA using the value of the
refractive index and extinction coefficient at 600 nm because
this wavelength provides the minimum uncertainty range of
carbon density. For a given refractive index (also extinction
coefficient), the range of possible densities lies on the line of
the constant refractive index (also extinction coefficient) that
begins at the intersection with the black ‘HOPG + void’ curve
and terminates at either the purple ‘diamond + void’ (only
for refractive index) or blue ‘diamond + HOPG’ curves. In
order to reduce the range of the density determined by the
refractive index, a carbon film is defined as diamond-like (or
polymer-like) if its extinction coefficient is less than 0.15, and
graphite-like if it is greater than 0.15. The two film types have
their boundary along the ‘50/50-C + void’ curve. Once the
type of film is determined, the upper (lower) density limit for
graphite-like (diamond-like or polymer-like) films is given by
the intersection between the line of constant refractive index
and the orange ‘50/50-C + void curve’.

4.2. The CM equation

The CM formula has been used by several authors to relate the
density and the dielectric function [34, 31, 32, 35]. The CM
equation is

α(0) = 3

4πN

(
e1(0) − 1

e1(0) + 2

)
, (5)

where α(0) is the static polarizability (i.e. at zero photon
energy) and e1(0) is the real part of dielectric function at zero
photon energy, and the medium is made up of N atoms (or
ions) per unit volume.

The static polarizability for carbon is different for its
various forms, graphite, diamond and hydrocarbon polymers
(see table 2). Hydrocarbon molecules C2H2, C2H4 and C2H6

are representative of the main constituents in polymer-like
carbon films. For graphite, the polarizability is anisotropic
[35], so the average polarizability is used in our calculations.
Figure 3 shows the static dielectric function e1(0) as a function
of the carbon density according to the CM equation (5).
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seven curves correspond to the static polarizability values of
diamond, graphite and polymers listed in table 2. Our experimental
data for EUV-induced C, hot filament C and PVD C are also plotted
with blue stars.

Diamond-like carbon lies in the region between α(0) = 0.815
and 1.265, and graphite-like carbon lies in the region between
α(0) = 1.265 and 1.76.

The static dielectric function e1(0) cannot be measured
directly with ellipsometry; however, it can be estimated by
extrapolating from the UV-NIR, based on the parameterization
of the dielectric functions of different types of carbon films
[6]. The extrapolated values for the measured carbon films are
shown in figure 3.

As the estimation of density based on the BEMA, a
similar procedure was used for the method based on the
CM equation. The extrapolated dielectric function, e1, at
photon energy of zero, e1(0), was obtained by extrapolating
the dielectric function in the NIR-UV. The boundary k = 0.15
at the wavelength of 600 nm was used to determine the carbon
type. Taking into account the range of the reported values of
polarizabilities in the literature, as shown in table 2, a density
range was calculated based on equation (5). As shown in
figure 3, the estimated upper and lower limits for diamond-
like carbon films are determined by the curve of α(0) =
0.815 (diamond) and 1.265 (graphite). While for graphite-like
carbon films, the limits are determined by the density curves
with limiting values given by α(0) = 1.265–1.76 (graphite).
The HOPG density of 2.266 g cm−3 was applied as the upper
limit of the density of graphite-like carbon. For those carbon
films with e1(0) close to 2, corresponding to polymer-like
films, we applied the maximum limits determined by the curve
of α(0) = 0.815 (diamond) and 4.252 (C2H4).

5. Estimation of EUV reflectance loss

As described in section 3, to estimate the EUV reflectance
loss of an MLM due to carbon deposition, both the carbon
layer thickness and density are required. The BEMA and
CM equation were used to estimate the carbon density. As

5
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Table 3. Estimation of carbon density according to the refractive index or the dielectric function based on the BEMA and the CM equation.
The upper and lower limits are listed. The measured density by GIXR is also listed as a comparison.

Carbon Density+ Density− Density+ Density− Density
type n@600 nm (g cm−3) (g cm−3) e1@0 eV (g cm−3) (g cm−3) (g cm−3)

Method Measured BEMA BEMA Extrapolated CM CM GIXR

EUV C 1.41 1.17 0.79 1.95 1.40 0.63 1.2 ± 0.2
Hot C 2.60 2.53 1.68 9.44 2.266a 1.99 2.0 ± 0.1
PVD C 2.88 2.54b 1.95 10.63 2.266a 2.06 2.2 ± 0.2

a The density of HOPG is applied as the upper limit of graphite-like carbon.
b This limit is based on k (blue curve in figure 2(b)) because it is smaller than that based on n.
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Figure 4. Comparison of relative EUV reflectance losses between
the measured and estimated values based on BEMA and the CM
equation with different carbon layer thicknesses including hot
filament carbon, EUV-induced carbon and PVD carbon.

a comparison, the EUV reflectance was measured with a
reflectometer and the relative reflectance loss was calculated
based on equation (2).

Table 3 shows the range of estimated carbon densities
calculated from the BEMA and the CM equation. The density,
as measured by GIXR, is also listed as a comparison. There is
good agreement between the three measurements.

Figure 4 shows the comparison of EUV reflectance loss
measured and the estimated reflectance loss based on the
densities derived from the BEMA and the CM equation for the
three kinds of carbon films. The uncertainty of the measured
reflectance loss was 0.6%, based on the absolute reflectance
measurement error of 0.2%. On the other hand, the uncertainty
of the estimated reflectance loss depends on the carbon type
and the approach applied. In addition, for both approaches,
the uncertainty range increases with increasing thickness.

First of all, the estimated reflectance losses of the four
different EUV carbon films as calculated with both approaches
agree well with the measured reflectance losses. For the hot
filament carbon films, the BEMA estimated reflectance losses
agree to within uncertainties with the measured reflectance
losses, while the values calculated from the CM equation are
4% higher than the measured value. However, the BEMA
estimated uncertainty is three times larger than that of the CM
equation.

For the PVD carbon films, the estimated reflectance losses
based on both approaches were about 4% higher than the
measured values. Overall, for both the hot filament and
PVD carbon, the estimated reflectance losses are all about
4% higher than the measured values. We believe that the
main reason is the overestimation of the optical constants
calculated from equation (1) for graphite-like carbon. On
the other hand, only for polymer films, optical constants for
the EUV wavelength range calculated from equation (1) have
been confirmed experimentally [17].

As shown in figure 4, both the BEMA and the CM equation
can be used to estimate the reflectance loss due to carbon
deposition with a maximum systematic offset of 4% in the loss
range of up to ∼30%. In addition, for EUV-induced carbon,
the BEMA estimated reflectance loss agrees better with the
experimental data. Furthermore, the complex refractive index
at 600 nm can be obtained with ellipsometry directly for
the BEMA. On the other hand, for the CM equation, the
dielectric function at zero photon energy must be obtained
through extrapolation. In addition, the polarizability limits
used in the CM equation were obtained from literature values
from unmixed samples, and it is unclear if these represent
the full range of possible polarizability values for mixed
samples. Overall, the BEMA works slightly better and appears
more reliable than the CM equation for the estimation of the
reflectance loss by determining the carbon density.

6. Application for ultrathin carbon films

For ultrathin films with a thickness of a few nanometers,
it is very difficult to determine the refractive index and the
thickness independently using SE. This is because, in the thin
film limit, thickness and refractive index become correlated
and only the product of the refractive index and thickness
(i.e. nd) can be determined. For the BEMA method, figure 2(a)
implies that a good relationship between nd and the product
of the density and thickness (i.e. ρd) exists. The product of
density and thickness is actually the amount of carbon per
surface area, the critical factor for the EUV reflectance loss as
we observed that �R/R ≈ kρd (see equation (3)).

In order to reduce the estimated uncertainty range of
ρd, we need to determine if a carbon film is graphite-like or
diamond-like (also polymer-like). To achieve this, the change
of the two ellipsometric angles (i.e. � and �) as carbon is
deposited has to be used. Figure 5 shows the trajectory of �
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Figure 5. The trajectory of the ellipsometric angles, � and �, at a
wavelength of 600 nm, when a carbon layer is deposited on a
multilayer mirror. The red squares and blue triangles correspond to
the deposition of EUV-induced carbon and hot filament carbon,
respectively. Another trajectory for carbon deposition with a
complex refractive index of 2.455 + 0.13i was calculated and plotted
as a rough boundary between graphite-like and diamond-like (also
polymer-like carbon).

and � for a wavelength of 600 nm and an angle of incidence
of 70◦ with respect to the surface normal. Each point is
from a different MLM that has had a thicker layer of carbon
deposited on it. As shown in figure 5, EUV-induced carbon
and hot filament carbon display very different trajectories.
This is because EUV-induced carbon is polymer-like while
hot filament carbon is graphite-like. In addition, a calculated
trajectory for a carbon film with a complex refractive index
of 2.455 + 0.13i [9] is shown as a rough boundary between
graphite-like and diamond-like (also polymer-like) (as shown
in figure 2). This example shows that the trajectory of the
two ellipsometry angles can be used to determine the type of
carbon film, which in turn allows the density and reflectance
loss of the carbon film to be accurately estimated.

7. Conclusion

The EUV reflectance loss of a multilayer mirror due to carbon
deposition is mainly determined by the carbon layer thickness
and the type of carbon deposited since the latter causes changes
in refractive index (or dielectric function). In the EUV
wavelength range, the refractive index of a carbon film is
mainly determined by its atomic density. In this paper, SE has
been used to determine the thickness and the refractive index
for EUV-induced carbon, hot filament carbon and PVD carbon
by e-beam evaporation on top of multilayer mirrors.

In order to estimate the carbon density from the refractive
index in the wavelength range from ultraviolet to near infrared,
two different approaches were analyzed. The first approach
was based on BEMA. We observed that the experimental
carbon densities as well as their refractive indices published
are well described by the BEMA.

The second approach was based on the CM equation,
which was used to derive the density of carbon films from an
extrapolated dielectric function.

The EUV reflectance losses due to carbon depositions
were measured with a reflectometer and compared to the
estimated losses, based on the two approaches. Good
agreement was obtained, with error estimates being at most 4%
in the reflectance loss range from 0% up to ∼30%. This means
that we could estimate the EUV reflectance loss accurately
using SE.

For ultrathin carbon films with a thickness of a few
nanometers, we can determine the type of carbon by the
trajectory of the two ellipsometry angles. Since determination
of the refractive index and thickness independently is very
difficult, we determined the product of the refractive index
and thickness (i.e. nd). Furthermore, using the BEMA, we
show that the product of the density and thickness (i.e. ρd)
can be estimated from the parameter nd. Finally, we show that
a simplified relationship between the reflectance loss and the
product of density and thickness (i.e. �R/R ≈ kρd) can be
used to estimate the reflectance loss due to carbon deposition.
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